Biological motors: Energy storage in myosin molecules  by Huxley, Andrew F
Dispatch R485
Biological motors: Energy storage in myosin molecules
Andrew F. Huxley
A recent experiment of exceptional complexity has
shown that a myosin may lose its ATP but store the
energy from it and attach to actin and perform a
working stroke several hundred milliseconds later.
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It is generally believed that the thick (myosin) and the
thin (actin) filaments of muscle are caused to slide past
one another by cyclic interactions, in which the first event
is the attachment of the head of a myosin molecule to the
thin filament (Figure 1). The nucleotide bound to the
myosin is released almost immediately, during or before
the working stroke, and when the working stroke is com-
plete another ATP becomes bound and causes the myosin
to detach from the actin. A very impressive experiment by
Yanagida and colleagues [1] has now shown that attach-
ment may sometimes occur after the release of the
nucleotide, and that the interval between those two events
may then be as long as several hundred milliseconds.
Until fifteen years ago, there cannot have been many who
would have believed it if they had been told that the
cutting edge of research on the mechanism of muscle
contraction would soon be measurement of the force
generated by a single myosin molecule pulling on an actin
filament, but this has now come about. This important
advance was made possible by a series of innovations,
many of which were made in alternation by two groups,
those of Jim Spudich at Stanford University in California,
and of Toshio Yanagida at Osaka in Japan.
The first step was taken fifteen years ago by Sheetz and
Spudich [2]. When latex beads coated with myosin mole-
cules were dropped onto a bundle of actin filaments, they
immediately began to move along the bundle. Three
Figure 1
Current view of the cycle by which the
overlapping filaments of muscle are caused to
slide past one another during contraction.
State 1 is similar to the relaxed condition; the
ATP has been hydrolysed into ADP + Pi but
the products are still bound to the myosin.
State 3 resembles the rigor state. For clarity,
only one of the two heads of the myosin
molecule is shown. Many features are still
uncertain.
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important points were established by these experiments:
the direction of movement was determined by the actin
filaments; the speed of bead movement was close to the
unloaded sliding speed of the filaments in the muscle
from which the myosin had been obtained; and myosin
actually became attached to actin, as Brownian motion of
the bead stopped as soon as movement began. 
A year later came the first contribution from Yanagida’s
group [3]. They showed that single actin filaments could
be made visible under a fluorescence microscope by
labelling with phalloidin–rhodamine, and found that the
Brownian bending of the filaments was accelerated and
increased in amplitude when myosin was present in the
solution. Then, in 1986, Kron and Spudich [4] used
video–cine microscopy to record — and so to demonstrate
to many audiences — the sliding of single fluorescent
actin filaments over a glass surface coated with myosin.
The first measurement of the force on a single actin
filament, generated in this case by a number of myosin
molecules, was made in Yanagida’s laboratory [5], while
the first estimates of both the force and the extent of
movement due to interactions by single myosin mole-
cules with a single actin filament were made by Spudich
and colleagues [6,7]. Several laboratories have since
adopted their technique, in which the ends of an actin
filament are stuck to two beads held in optical traps and
the filament is lowered into contact with a myosin mole-
cule on a raised surface, by manipulating the traps with
acousto-optic modulators. 
Another dimension was added by the next contribution
from Yanagida’s laboratory [8]. They found a way of
recording fluorescence from a single molecule of a fluo-
rescent ATP analogue bound to a myosin molecule. The
analogue was present in the solution surrounding myosin
molecules stuck to a microscope slide, and fluorescence
was elicited by a laser beam undergoing total internal
reflection at the interface between the slide and the solu-
tion. In this situation, light penetrates into the solution
for a distance of a fraction of a wavelength, sufficient to
excite a fluorescent molecule in contact with the surface,
but not far enough to excite an appreciable amount of
fluorescence from molecules in the solution, provided
that the concentration of the latter does not exceed
10–20 nM. This reduced the background light by many
orders of magnitude. Appearance of a stationary fluores-
cent spot then indicated that an ATP had bound to a
myosin molecule, and its disappearance meant that ATP
(or more usually its product ADP) had dissociated from
the myosin and diffused away (or occasionally that the
fluorophore had been bleached). The corresponding ana-
logue of ADP is equally fluorescent, so the technique
does not distinguish between the fluorescent ATP and
its hydrolysis products. 
Yanagida and colleagues [1] have now performed the
remarkable feat of combining this method for measuring
the binding of ATP to myosin with the optical trap method
for recording the displacements of an actin filament by a
single molecule of myosin. Their experimental set-up is
illustrated in Figure 2. The experiments performed using
this approach have yielded an unexpected result with far-
reaching implications.
In one of a group of papers published in 1943, in which
the material previously known as “myosin” was first
shown to be a complex of what we now call myosin with a
new protein, actin, Albert Szent-Györgyi [9] suggested
that the two proteins were dissociated from one another
by the action of ATP in the solution. This has been
repeatedly confirmed by many methods, and it is univer-
sally believed that binding of ATP is the step that causes
myosin to detach from the actin filament after completing
its working stroke. This is confirmed afresh by one of the
new results reported by Yanagida and colleagues [1]. An
actin filament in a solution containing a fluorescent 
analogue of ATP was held close to a surface coated with
myosin, and displacements of the beads holding the fila-
ment were recorded continuously. Attachment of the fila-
ment to a myosin molecule was detected as a reduction of
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Figure 2
Diagram of experimental situation used by Yanagida and colleagues
in the recent experiment discussed in the text [1]. Beads holding the
ends of a single actin filament were suspended by optical traps in a
solution containing a fluorescent ATP analogue, Cy3-ATP. The
filament was brought into contact with a single one-headed myosin
molecule in a myosin-rod cofilament bound to the surface of a
pedestal formed on a coverslip. Actin–myosin interactions were
detected by measuring bead displacements. Using total internal
reflection microscopy, individual ATPase reactions were monitored as
changes in fluorescence intensity resulting from association–
hydrolysis–dissociation events of a Cy3-ATP molecule with the myosin
head. (Reproduced with permission from [1].)
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the Brownian motion of the beads. The end of a period of
attachment always coincided with appearance of fluores-
cence at the position of the myosin, indicating that binding
of a (fluorescent) ATP caused immediate detachment of
the myosin from the filament.
In a majority of cases, the converse happened at the start
of a period of attachment: the myosin held a fluorescent
ATP until attachment occurred, and the fluorescence
stopped at the same moment within the time resolution of
the equipment (less than 0.1 second). This is what would
be expected from the current view of the cyclic action of
cross-bridges in muscle (Figure 1), according to which the
products of hydrolysis of ATP are released during the
working stroke. On nearly half the occasions, however,
there was a long delay — up to several hundred milli-
seconds — from the moment at which the fluorescence
disappeared until the displacement and decrease of
Brownian motion which indicated attachment of the actin
filament to the myosin and the start of a working stroke.
The displacement persisted for the normal period. 
Presumably, what happens in these cases is that the
myosin hydrolyses the ATP and releases the products
without attaching to actin, but is still able to perform a
working stroke when it has found an actin site to which to
bind. When ATP (or its fluorescent analogue) is
completely absent from the solution, the actin filament
may become attached to a myosin, but no working stroke
occurs: the resulting displacement is then zero on average
and is merely a consequence of Brownian motion. The
observation of a working stroke beginning after the release
of the products of ATP hydrolysis means that the energy
needed for pulling the actin filament along against the
resistance of the optical traps had been retained in the
myosin molecule from the moment when the fluorescent
ATP (or its hydrolysis products) dissociated from it.
There had been hints in the literature that energy storage
of this kind was possible, but no direct evidence for it, and
as far as I know no one had any idea that it could persist for
so long a time. There have been a number of suggestions
that the distance through which an actin can be moved
(against a very small load) by myosin using a single ATP is
considerably greater than can reasonably be expected from
a single stroke by a molecule of the known dimensions of
myosin, and this has been attributed to the myosin making
two or more strokes with the energy from a single ATP.
Such experiments are, however, always subject to some
uncertainty, because they depend on measurements of the
hydrolysis of very small quantities of ATP. 
An entirely different approach with similar implications,
which convinced me when its authors first told me of it,
was taken by Lombardi and his colleagues [10,11] in their
experiments on intact frog muscle fibres that were
stretched during contraction. Several observations, such as
the combination of tension and stiffness during steady
stretch [10] and the responses to sudden length change
superposed on steady stretch [11], were quantitatively
explained by the hypothesis that a myosin whose attach-
ment to actin had been forcibly broken by the stretch was
then able to reattach further along the thin filament with a
rate constant some 200 times higher than when it had
been detached by binding an ATP, as happens during
shortening. This implied the existence of a previously
unknown detached state of the myosin molecule. The
unexpectedness of such a conclusion at that time is shown
by the fact, told to me by Lombardi, that publication of
the observations was held up for a couple of years because
referees were unwilling to accept the existence of a state
that had not been characterized by chemical methods.
Lombardi and colleagues also showed [12] that the
‘repriming’ phenomenon they discovered could be
explained if some myosins were forcibly detached during
a shortening step and were then able to reattach and
perform a fresh working stroke, though other explanations
of the phenomenon are possible [13].
An obstacle to acceptance of the idea of a state such as is
implied by these experiments is the widespread assump-
tion that each mechanical state is associated with a single
biochemical state. To me, however, it has for many years
seemed more likely that mechanical and biochemical
changes alternate with one another (see pages 92–93 in
[14]), each mechanical step permitting the next biochemi-
cal step and vice versa. But if I had been asked twenty
years ago whether I would have expected the new result
obtained by Yanagida and colleagues [1], I do not know
what I would have replied, as the mechanical steps that I
envisaged were steps taken by myosin while attached to
actin, whereas in the experiment by Yanagida’s group,
ATP (or the products of its hydrolysis) was released while
the myosin was not attached. I hope that I would at least
have said that I regarded it as a possibility.
Of the groups now measuring the size of the displacement
caused by a single myosin attachment, I believe that
Yanagida’s is the only one to use myosin molecules built
into synthetic thick filaments composed mainly of the rod
part of myosin. The small number of intact myosins are
thus in more or less their normal environment, and can be
oriented nearly parallel to the actin filament. Most groups,
however, use myosin, or fragments of myosin, stuck to a
surface with nitrocellulose or other material. In this case,
the orientation of a myosin molecule is unknown, and the
adhesive may restrict the stroke of the myosin. It is very
likely that this explains why the displacements found by
Yanagida’s group (around 15 nm) are much larger than
those recorded by others (commonly about 4-6 nm).
Nevertheless, it is the latter range of values that has been
presented in two recent reviews as the definitive value
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from single-molecule experiments [15,16]. There are still
many uncertainties in the quantitative interpretation of
experiments of this kind.
References
1. Ishijima A, Kojima H, Funatsu T, Tokunaga M, Higuchi H, Tanaka H,
Yanagida T: Simultaneous observation of individual ATPase and
mechanical events by a single myosin molecule during interaction
with actin. Cell 1998, 92:161-171.
2. Sheetz MP, Spudich JA: Movement of myosin-coated fluorescent
beads on actin cables in vitro. Nature 1983, 303:31-35.
3. Yanagida T, Nakase M, Nishiyama K, Oosawa F: Direct observation
of single F-actin filaments in the presence of myosin. Nature
1984, 307:58-60.
4. Kron SJ, Spudich JA: Fluorescent actin filaments move on myosin
fixed to a glass surface. Proc Nat Acad Sci USA 1986, 
83:6272-6276.
5. Kishino A, Yanagida T: Force measurements by micromanipulation
of a single actin filament by glass needles. Nature 1988, 
334:74-76.
6. Simmons RM, Finer JT, Warrick HM, Kralik B, Chu S, Spudich JA:
Force on single actin filaments in a motility assay measured with
an optical trap. In Mechanism of Myofilament Sliding in Muscle
Contraction. Edited by Sugi H, Pollack GH. New York: Plenum;
1993:331-337.
7. Finer JT, Simmons RM, Spudich JA: Single myosin molecule
mechanics: piconewton forces and nanometre steps. Nature
1994, 368:113-119.
8. Funatsu T, Harada Y, Tokunaga M, Saito K, Yanagida T: Imaging of
single fluorescent molecules and individual ATP turnovers by
single myosin molecules in aqueous solution. Nature 1995,
374:555-559.
9. Szent-Györgyi A: Discussion. Stud Inst med Chem Univ Szeged
(1941–1942) 1943, 1:67-71.
10. Lombardi V, Piazzesi G: The contractile response during steady
lengthening of stimulated frog muscle fibres. J Physiol 1990,
431:141-171.
11. Piazzesi G, Francini F, Linari M, Lombardi V: Tension transients
during steady lengthening of tetanized muscle fibres of the frog.
J Physiol 1992, 445:659-711.
12. Lombardi V, Piazzesi G, Linari M: Rapid regeneration of the
actin–myosin power stroke in contracting muscle. Nature 1992,
355:638-641.
13. Huxley AF, Tideswell S: Rapid regeneration of power stroke in
contracting muscle by attachment of second myosin head.
J Muscle Res Cell Motil 1997, 18:111-114.
14. Huxley AF: Reflections on Muscle, Liverpool: Liverpool University
Press; 1980.
15. Howard J: Molecular motors: structural adaptations to cellular
functions. Nature 1997, 389:561-567. 
16. Cooke R: Actomyosin interaction in striated muscle. Physiol Rev
1997, 77:671-697. 
R488 Current Biology, Vol 8 No 14
